Objective To measure the effects of iron supplementation and anthelmintic treatment on iron status, anaemia, growth, morbidity, and development of children aged 6-59 months. Design Double blind, placebo controlled randomised factorial trial of iron supplementation and anthelmintic treatment. Setting Community in Pemba Island, Zanzibar. Participants 614 preschool children aged 6-59 months. Main outcome measures Development of language and motor skills assessed by parental interview before and after treatment in age appropriate subgroups. Results Before intervention, anaemia was prevalent and severe, and geohelminth infections were prevalent and light-Plasmodium falciparum infection was nearly universal. Iron supplementation significantly improved iron status, but not haemoglobin status. Iron supplementation improved language development by 0.8 (95% confidence interval 0.2 to 1.4) points on the 20 point scale. Iron supplementation also improved motor development, but this effect was modified by baseline haemoglobin concentrations (P = 0.015 for interaction term) and was apparent only in children with baseline haemoglobin concentrations < 90 g/l. In children with a baseline haemoglobin concentration of 68 g/l (one standard deviation below the mean value), iron treatment increased scores by 1.1 (0.1 to 2.1) points on the 18 point motor scale. Mebendazole significantly reduced the number and severity of infections caused by Ascaris lumbricoides and Trichuris trichiura, but not by hookworms. Mebendazole increased development scores by 0.4 ( − 0.3 to 1.1) points on the motor scale and 0.3 ( − 0.3 to 0.9) points on the language scale. Conclusions Iron supplementation improved motor and language development of preschool children in rural Africa. The effects of iron on motor development were limited to children with more severe anaemia (baseline haemoglobin concentration < 90 g/l). Mebendazole had a positive effect on motor and language development, but this was not statistically significant.
Introduction
Iron deficiency anaemia is associated with comparatively poor performance in tests of mental and motor development in infants and toddlers and of intelligence and cognitive function in preschool and school children. [1] [2] [3] [4] In young children aged 12-18 months, one randomised trial found that development improved in children treated for iron deficiency anaemia 5 ; however, most quasi-experimental studies in children of a similar age have shown no such benefit. 6 Prospective trials have also produced discrepant findings. 7 8 A causal link between iron deficiency anaemia and delays in child development may be mediated by a variety of direct or indirect pathways; the most obvious are associated decreases in haemoglobin concentration and oxygen delivery to tissues. Alternative theories relate to reductions in cerebral iron concentrations, including hypomyelination and impaired dopaminergic function. [9] [10] [11] Kvalsvig et al found that geohelminth infections impair children's cognition and learning, 12 but the focus of their work was in schoolchildren. Associations between geohelminth infection and mental performance in schoolchildren have been reported, [12] [13] [14] [15] [16] but results from randomised trials have been inconclusive. 17 We are not aware of published investigations of the relation between geohelminth infections and development in preschool children.
We report measures of child development from a subsample of children of an appropriate age enrolled in a double blind placebo controlled randomised factorial trial of iron supplementation and anthelmintic treatment. The trial was designed to measure the effects of iron supplementation and anthelmintic treatment on iron status, anaemia, growth, morbidity, and development of children aged 6-59 months at the start of the trial. In studies of the relation between iron concentrations and child development, our trial is unique because it included a considerable number of children with moderate to severe anaemia, and it was carried out in a population exposed to numerous health risks, including year round of Plasmodium falciparum malaria and geohelminths, and widespread malnutrition.
Participants and methods

Location
The study was conducted in Kengeja village on the island of Pemba north of Zanzibar. The environment is rural, with fishing and farming as the main occupations. P falciparum is holoendemic and transmitted throughout the year, and P malariae is also present. A number of helminths are highly endemic in this population, including two hookworm species (Ancylostoma duodenale and Necator americanus), Ascaris lumbricoides, Trichuris trichiura, and Schistoma haematobium.
Study sample and randomisation
Before the study, we estimated the sample size that was needed to be recruited to show a 5 g/l difference in mean haemoglobin response in two age subgroups, with = 0.05 and = 0.10 as 640 children. Prior power calculations were not made for developmental outcomes, as the rating scales were developed specifically to be filled out by parents in this study.
During June and July 1996, a census was conducted in Kengeja and a database of all children whose age was reported by their parents as 3-56 months was created (the trial was planned to begin three months later). The database contained 684 children from 451 households, all of whose parents gave informed consent to participate in the census and the trial; these parents were invited to enter their children in the trial.
Households, rather than children, were randomly allocated to receive iron or placebo, so that mothers of siblings would have to manage only one bottle of supplement. Households were grouped into three stratathose with children < 36 months, those with children >36 months, and those with one or more child in each age subgroups. Within these strata, households were randomly allocated to receive iron or placebo in blocks of four. Random allocation to mebendazole or mebendazole placebo was carried out by child, stratified by iron allocation and household, in blocks of four.
Of the 684 children identified in the census and randomised to treatment, 614 attended the baseline clinic at the local primary healthcare centre during September 1996. In total, 538 children completed the follow up period of 12 months, including the final clinical assessment during September 1997.
Developmental data were collected in August 1996 and August 1997, one month before each clinical assessment. The language development scale was appropriate for children from 12 to 48 months, and 417 children between these ages entered the trial. Of these, 397 children were assessed in August 1996, and 359 children-the language scale cohort-were assessed again in August 1997. The motor development scale was appropriate only for children between 12 and 36 months, and 293 children between these ages entered the trial. Of these, 267 were assessed in August 1996, and 255 children-the motor scale cohort-were assessed again in August 1997. The motor scale cohort is a younger subset of the language scale cohort. The randomisation and retention of children in the trial is shown in figure 1 .
The 58 children eligible by age for inclusion in the language scale cohort who were not followed up were similar to the 359 who completed the study in sex, age, and other characteristics. The children who were not followed up had slightly better baseline haemoglobin values than those who were (88.6 (SD 14.7) g/l v 85.6 (14.7) g/l, P = 0.15).
Interventions
Iron treatment
Iron treatment consisted of a ginger flavoured liquid supplement containing 20 mg/ml ferrous sulphate, or an identical placebo (both supplied by Alpharma USPD, Baltimore). The supplement was packaged in 50 ml bottles, with childproof 1 ml dropper caps. Each bottle label included one of six batch numbers, three of which corresponded to iron and three to placebo;
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Randomisation of preschool children in Zanzibar to iron and mebendazole or placebo, and retention in trial these treatment codes were assigned by Alpharma USPD and were kept in sealed envelopes in Baltimore and Zanzibar. At the baseline clinic, each mother was trained on how to give a 0.5 ml dose (equivalent to 10 mg iron) to her children, and she was instructed to give this dose daily for the next year. During the 12 month trial, study staff visited each mother weekly to ask how many days in the past week she had given the supplement to her child and to deal with any compliance problems, using a problem solving algorithm. The study staff member also replenished the supplement as needed. The potency of the supplement was monitored by the manufacturer, and it was found to retain 80% of its potency after being stored for 12 months at room temperature.
Despite the childproof packaging, two children each consumed a large portion of a bottle of iron supplement. These children were monitored closely for toxic sequelae (none of which were found), and they were included in the analyses. After these events, the amount of iron supplement in each bottle was reduced to 25 ml so that the total amount of elemental iron in each bottle was reduced from 1000 mg to 500 mg.
Anthelmintic treatment
Anthelmintic treatment consisted of 500 mg mebendazole in an orange flavoured chewable tablet, or an identical placebo tablet (Pharmamed, Zejtun). The pills were packaged in six bottles with unique treatment codes, three corresponding to mebendazole and three to placebo. The treatment codes were assigned by one study investigator, and they were kept in sealed envelopes in Baltimore and Zanzibar. After the baseline clinic, study staff made home visits to all children every three months to give the anthelmintic treatment.
Oral iron
Children with severe anaemia (haemoglobin concentrations < 70 g/l) at the baseline clinic were treated with oral iron 60 mg/day for 30 days, but they were also given their randomly allocated iron. The total iron dosage for these severely anaemic children for the first month of the study, therefore, was 60 mg/day or 70 mg/day. These children were also given mebendazole (500 mg) in place of their randomly allocated anthelmintic treatment, but they subsequently received their randomly allocated treatment at the baseline clinic. Parents of these children were informed that their child was severely anaemic and the treatments given were explained. These children were included in the subsequent analyses on an intention to treat basis.
Clinical assessments
Parents were given a container in which to take a small sample of their child's faeces to the baseline clinic. Faecal samples were stained on the same day and examined within one hour by the Kato-Katz method. 18 The numbers of helminth eggs in faecal samples were counted for 591/614 (96%) of study children.
The children's weights were measured to the nearest 0.1 kg using a digital scale (Seca, Columbia, NY). Length was measured in triplicate to the nearest 0.1 cm using a wooden length board (Shorr Productions, Olney). Age was ascertained from the birth certificate or, in one case where the birth certificate was missing, by the parent's report. Anthropometric z scores were computed with Anthro version 3.0 (CDC, Atlanta). Stunting was defined as height for age z score < − 2.0, wasting as weight for height z score < − 2.0, and underweight as weight for age z score < − 2.0. Mothers were asked to recall all foods and drinks, including breast milk, given to the child in the previous 24 hours.
Blood samples (3 ml) were collected by venipuncture into a Vacutainer tube (BD, Franklin Lakes). Drops of whole blood were dispensed immediately to make a blood film that was used to determine haemoglobin concentration (HemoCue haemoglobinometer; HemoCue, Angelhom) and erythrocyte protoporphyrin concentration (haematofluorometer; Aviv Biomedical, Lakewood, NJ). The remaining blood was centrifuged at 1000 × g for 20 minutes at room temperature and the serum was collected. Thin blood films were fixed with ethanol and stained with Giemsa, and the numbers of malaria parasites were counted against leukocytes using standard methods. 19 Serum samples were stored in Pemba at − 10°C for up to three Table 1 Mean item scores on language and motor scales for preschool children in Zanzibar
Scale Mean
Language*
The child can say one word 0.9176
When the child's holding something and I ask them to give it to me they do 0.8764
The child points and makes some sounds when they want something 0.8379
The child can say three words 0.7843
If I ask the child, they can point to a dog 0.7775
If I ask the child, they can point to a person that is walking 0.6484
The child can say six words 0.6429
The child uses the words I, me, and you 0.6264
The child is constantly asking the names of objects 0.5467
The child asks a lot of questions beginning "What," "Where," and "Who" 0.5220
The child can say many words (20 or more) 0.4918
The child uses plurals when they speak 0.4657
The child can tell people their full name 0.4437
The child can tell me what a knife is for 0.4368
The child asks the meanings of words 0.3544
The child can talk about things that happened in the past 0.3516
The child knows a few rhymes ‡ 0.3063
The child can tell me the opposite of the word "big" 0.1360
Motor development †
The child can crawl 0.9835
The child can walk when both hands are held 0.9325
The child can walk with only one hand held 0.9008
The child can stand for a moment on their own 0.8452
The child can stand on their own for a long time 0.8056
The child walks and then collapses down 0.7460
The child can run 0.7063
The child can bend down and straighten up again without falling 0.6984
The child can walk up steps 0.6905
The child can throw a ball overhand 0.6865
The child can walk up and down steps 0.6845
The child can kick a ball forward 0.6310
The child can walk forward along a straight line (10 paces) ‡ 0.5635
The child jumps with both feet 0.5020
The child can stand on one foot for several seconds ‡ 0.4444
The child can walk backward along a straight line (10 paces) ‡ 0.4187
The child can walk on tiptoe 0.3968
The child can sit up without using their hands ‡ 0.2639
The child can skip using alternate legs ‡ 0.2321
The child can hop 20 times on one leg ‡ 0.1885 *Number of items=18, Kohnbach's =0.9482, age 12-48 months. †Number of items=20, Kohnbach's =0.9492, age 12-36 months. ‡Action was demonstrated to observer. months, and they were then transported in liquid nitrogen to Baltimore, where they were stored at − 70°C until they were analysed. Ferritin was assayed using a fluorescence-linked immunoassay (DELFIA system; Wallac, Gaithersburg). The average coefficient of variation for this assay was 3% (range 0.2%-7.0%).
Developmental assessments
Motor and language development were assessed by the parents reporting gross motor and language milestones-a method known to have considerable accuracy and sensitivity for identifying developmental delays. [20] [21] [22] [23] Mothers were asked if their child could do each of the tasks listed in table 1 ; one point was scored for each item that the mother reported the child could do. When the scales were being constructed, a wide ranging collection of items was taken from a variety of sources, including the Griffiths and McCarthy scales of motor and mental development. 24 25 To ensure reliability of the scales, the number of items was reduced through a series of piloting procedures, initially in Zulu in a rural African community (Umbumbulu, KwaZuluNatal, South Africa) and then in Kiswahili in a peri-urban community in Pemba (Mkoroshoni).
The data collection team consisted of Pemban men and women whose first language was Kiswahili. To forestall any tendency by parents to over-rate or underrate their child's ability, care was taken to secure parental cooperation in providing accurate responses and the child was asked to demonstrate the ability to perform some of the items. The procedures used to check the motor items were similar to those used in the McCarthy scales. 25 A preliminary analysis established that the scales were appropriate to the age range and were sensitive to changes over time within the study environment. At the 12 month retest, the mean motor score for the children in the group who were now aged 36-48 months was nearing asymptote, and children older than 48 months at retest were excluded from further analysis on this measure. The language score neared asymptote at a later stage, and children who were 60 months and over at retest were excluded from further language development analysis. The scales were tested for internal consistency using Cronbach's (table 1).
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Analysis of treatment effects
We compared the characteristics of children in the motor and language cohorts by treatment group (table  2) . Several characteristics (sex, breast feeding, stunting and developmental scores), were unbalanced between the groups.
Other general characteristics, baseline iron status, baseline developmental score, and baseline helminth infections were tested for significance using P < 0.10 as the criterion for inclusion in the comparison-only age, sex, and baseline developmental score met this criterion. When covariates were included, the results changed only slightly; however, we present the adjusted results because they provide the most accurate estimates of treatment effects. An iron with mebendazole (iron-mebendazole) treatment interaction term was tested in all models, but it did not approach statistical significance in any model. To look at variables that might modify the effects of treatment on developmental outcomes, we tested the interaction term of treatment (iron or mebendazole) with each variable. Finally, we repeated the final models for motor and language scores, excluding those children who were severely anaemic (and treated therapeutically) at baseline, to determine whether inclusion of these children attenuated the randomised treatment effects. In final regressions, we used generalised estimation equations to account for the intrahousehold clustering induced by randomising the iron treatment by household. 27 28 Statistical analyses were conducted in SYSTAT 7.0 for Windows (SPSS, Chicago).
The study was approved by the ethical review boards of Johns Hopkins University School of Hygiene 
Results
The characteristics of children in the language scale cohort are shown in table 2. In total, 101/358 (28%) of participants aged 12-48 months were breast fed at the time of the study. Breast feeding was common in children aged 12-23 months (96/121, 79%) and rare in children >2 years (5/237, 2%). Stunted growth was common, while wasting was relatively uncommon. P falciparum malarial infection was nearly universal. Most characteristics were similar among the treatment groups, but more children who received iron than those who received the iron placebo had stunted growth at baseline (76/179, 43% v 58/171, 34%). At baseline, anaemia was prevalent and severe. In total, 347 of 359 (97%) children were anaemic by international standards (haemoglobin < 110 g/l) and 54/305 (18%) were severely anaemic (haemoglobin < 70 g/l). Haemoglobin concentration was strongly and positively associated with age at baseline. 29 An overall increase in haemoglobin was seen in all treatment groups; this was mostly attributable to the increased age of the children at follow up. Erythrocyte protoporphyrin concentrations were high, and they were strongly associated with haemoglobin concentrations, 29 suggesting that iron deficiency was prevalent. Serum ferritin values were higher than expected given the prevalence of anaemia and the raised erythrocyte protoporphyrin concentrations; this probably reflects the prevalence of malaria and other subclinical infections. 29 Iron supplementation significantly increased serum ferritin and erythrocyte protoporphyrin concentrations, but it had little impact on haemoglobin concentrations (table 3) . The effect of iron treatment on haemoglobin concentration was greater (but still not statistically significant) in children who were more anaemic at the start: 0.2 ( − 4.8 to 5.2) g/l in children with baseline haemoglobin concentrations >80 g/l compared with 5.4 ( − 2.7 to 13.1) g/l in those with initial haemoglobin < 80 g/l. Mebendazole had no impact on indicators of iron status, except to decrease the average concentrations of serum ferritin (perhaps by reducing the gut inflammatory response secondary to helminth infection).
Helminth infections were prevalent (table 2), but of light intensity (number of eggs/g faeces; table 4). Regular treatment with mebendazole was highly efficient in reducing the prevalence and intensity of A lumbricoides infection (table 4). It was less efficacious against T trichiura, although the intensity of this infection was still greatly reduced in the participants who received mebendazole. The effect of mebendazole on hookworm prevalence and intensity three months after treatment was not statistically significant.
Baseline scores on the motor and language scales were strongly associated with age (motor r = 0.691, P < 0.001; language r = 0.741, P < 0.001) and with each other. After age was controlled for, the partial correlation of baseline motor score with language score was 0.563 (P < 0.001). There was also a strong within-child correlation of baseline score to the score at the end of the trial (motor r = 0.578, P < 0.001; language r = 0.642, P < 0.001). After age was adjusted for, haemoglobin was positively associated with motor scores (partial correlation = 0.175, P = 0.005) and language scores (partial correlation = 0.158, P = 0.003) (fig 2) .
When adjusted for age, the association of erythrocyte protoporphyrin concentration with motor score was weaker than that of haemoglobin concentration (partial correlation = − 0.113, P = 0.071), and it became non-significant when haemoglobin concentration was also included in the model. In contrast, when we adjusted for age, the association of protoporphyrin concentration with language score was nearly as strong as that of haemoglobin concentration (partial correlation = − 0.134, P = 0.01), and it remained marginally significant (P = 0.065) when haemoglobin concentra- tion was also included in the model. Each heme increment in protoporphyrin of 100 mol/mol was associated with a decrease in language score of 0.4 (95% confidence interval 0 to 0.8) points. Serum ferritin concentration was not associated with motor or language scores. After we adjusted for age, the presence of helminth infections at baseline (prevalence of each worm, intensity of each worm, or the number of worm species present) was not associated with baseline motor or language scores. The adjusted main effects of iron and mebendazole treatments on motor scores were positive, but they were not statistically significant. However, there was a significant interaction between baseline haemoglobin concentration and iron treatment (P = 0.015). Iron treatment was associated with higher post-treatment motor scores only in children with low baseline haemoglobin. There was a benefit from iron treatment in children with baseline haemoglobin concentrations < 90 g/l, and this was statistically significant at concentrations < 80 g/l. In children with baseline haemoglobin of 68 g/l (one standard deviation below the mean value), the iron treatment effect was 1.1 (0.1 to 2.1) points on the 18 point motor scale. The adjusted effect of mebendazole treatment on motor scores in this final model was 0.44 ( − 0.22 to 1.10); this was not significantly modified by the concentration of haemoglobin at baseline or by iron treatment.
Because baseline haemoglobin was strongly related to age and erythrocyte protoporphyrin, we compared multivariate models that included iron with haemoglobin (iron-haemoglobin), iron-protoporphyrin, and iron-age interaction terms. Baseline protoporphyrin did not modify the iron treatment effect. The iron-age interaction term was statistically significant if the ironhaemoglobin interaction was not included in the model; younger children benefited most from iron supplementation. The iron-haemoglobin interaction was statistically stronger and produced a higher model R 2 value than the iron-age interaction.
The adjusted main effects of iron and mebendazole treatments on language scores were positive, and the effect of iron treatment was significant (P = 0.011) (table 5). Although children who received iron and mebendazole treatments had the highest final language scores, the iron-mebendazole interaction term did not approach significance (P = 0.48). There was no significant interaction between either treatment and any characteristics of the children included in table 2. The effect of iron treatment was similar for all children within the wide range of haemoglobin concentrations and other measured characteristics in the study sample.
We repeated the final multivariate regression models for motor and language scores, excluding those children with baseline haemoglobin concentrations < 70 g/l who were treated therapeutically for the first month of the trial. In the motor cohort (204 children without severe anaemia), the iron-haemoglobin interaction term was marginally significant (P = 0.067), although its magnitude was similar to that of the full cohort. The weakening in statistical significance can be attributed to the smaller sample size and the fact that we censored the cohort in the range of haemoglobin concentrations where the iron treatment effect was greatest.
In the language cohort (298 children without severe anaemia), exclusion of severely anaemic children resulted in an effect of iron treatment that was larger and more statistically significant despite the smaller sample size (0.9 (0.2 to 1.5) scale units). This is consistent with the lack of haemoglobin-iron interaction in this model and suggests that including children who were therapeutically treated with iron at the start of the trial in the placebo group diluted our measurement of the effect of iron supplementation at low doses on a long term basis.
Discussion
Several distinct features characterise this study of the effects of iron and anthelmintic treatments on child development. Anaemia in the study children was prevalent and more severe than that reported in any published study with similar objectives of which we are aware. P falciparum malaria was endemic and contributed considerably to the degree of anaemia observed. 29 The randomised, placebo controlled, community based intervention design provides a strong basis for causal inference.
Effects of iron and anaemia on motor and language development
Our results shed partial light on the contributions of anaemia and iron deficiency as causes of developmen- *Adjusted for age, haemoglobin, sex, baseline language score, weight for height z score, height for age z score, and presence of >5000 malaria parasites/ l blood. †From multivariate model described above using general estimating equations.
tal delays. At baseline, motor scores were more strongly related to haemoglobin concentrations than to erythrocyte protoporphyrin concentrations (an indicator quite specific to iron deficiency in this population). 29 Iron supplementation improved motor development only in children with very low baseline haemoglobin concentrations. A similar plateau in the association of haemoglobin with motor development was recently found in children in the United Kingdom. 30 It is possible that the aetiology of anaemia changes with its severity, with more severe anaemia being more strongly related to iron deficiency. There is some evidence for this in our data, as the effect of iron treatment was lower in children with baseline haemoglobin concentrations >80 g/l than < 80 g/l, suggesting that the effect of iron on motor development was mediated through improved haemoglobin concentrations. The younger age of children with more severe anaemia may have been an important determinant of their increased response to iron.
In contrast, language scores at baseline were strongly related to haemoglobin and erythrocyte protoporphyrin concentrations. Iron supplementation improved language development across a wide range of baseline haemoglobin concentrations, despite the small effect of iron treatment on haemoglobin in all but the most severely anaemic children. This suggests that the effect of iron on language development was mediated through mechanisms that are independent of haemoglobin concentration.
Effects of anthelmintic treatment on motor and language development
We are not aware of previous reports on the effect of anthelmintic treatment on motor and language development of children in this young age range. In this study, children who received mebendazole had slightly better developmental scores, but the size of the effect was small and did not approach statistical significance. The power of our study to detect a statistically significant difference was < 80% for effect sizes smaller than 1 unit on our scales. During the 12 month study period, the most rapid increases in motor and language development scores were in the children aged 12-24 months. This group had low prevalences of the target parasite species, making it less likely that we would detect the effects of mebendazole treatment. At baseline, only 6% of the children aged 12-24 months were infected with all three helminth species compared with 39% of the children aged 37-48 months.
The lack of effect of mebendazole on motor and language development might be explained by the drug's relatively low cure rates for two of the speciesdifferent species having different effects on development-or by a causal relation too small to be detected with our methods or not present at all. The potential public health benefits of treating young children for worms include immunological and nutritional outcomes as well as motor and language development, and additional research is needed.
Summary
Our results highlight that in African communities in which malaria is endemic there are severely anaemic children who are not detected by the current healthcare system and who seem to be at considerable risk of poor development. Identifying the optimal treatment and follow up regimen for severely anaemic children is a high priority and, although the best dose and duration needs to be clarified, long term treatment with oral iron may be an important component.
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What is already known on this topic
Iron is needed for development and functioning of the human brain Anaemic children show developmental delays, but it is not yet clear whether iron deficiency causes these deficits or whether iron supplementation can reverse them
Helminth infections in schoolchildren are associated with cognitive deficits, but few studies have been made of helminth infection and early child development
What this study adds
Low doses of oral iron supplementation given daily improved language development in children aged 1-4 years in Zanzibar
Iron supplementation improved motor development, but only in children with initial haemoglobin concentrations below 90 g/l
The effects of routine anthelmintic treatment on motor and language milestones were positive, but non-significant, with our sample size
